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ABSTRACT
New long Chandra grating observations of the O supergiant ζ Pup show not only a bright-
ening in the x-ray emission line flux of a little more than 25 per cent in the 18 years since
Chandra’s first observing cycle, but also clear evidence of increased wind absorption signa-
tures in its Doppler-broadened x-ray emission line profiles. Model fitting of ten lines in three
day-long HETGS datasets taken during August 2018 (Chandra cycle 19) finds a mass-loss
rate of 2.68± 0.12× 10−6 M yr−1 which is a 50 per cent increase over the value obtained
from fitting the cycle 1 data. The increase in the individual emission line fluxes is greater for
short-wavelength lines than long-wavelength lines, as would be expected if a uniform increase
in line emission is accompanied by an increase in the wavelength-dependent absorption by the
cold wind in which the shock-heated plasma is embedded.
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1 INTRODUCTION
Resolved x-ray emission line profiles provide diagnostic informa-
tion about both the x-ray production in the dense, highly supersonic
radiation-driven winds of O stars, and also about the mass-loss rates
of these winds. Indeed, one of the first results for massive stars pro-
vided by the Chandra spectrometers soon after the observatory’s
launch in 1999 was the confirmation that these x-rays arise in the
stellar wind, rather than in a magnetically confined corona, as is
the case for low-mass stars. This was revealed by the very signifi-
cant Doppler broadening (half-width at half-maximum≈ 1000 km
s−1) in the x-ray emission line profiles of the canonical single O
supergiant, ζ Pup (Kahn et al. 2001; Cassinelli et al. 2001).
In addition to verifying the wind origin of the x-rays in O
stars, measuring resolved x-ray line profiles enables us to constrain
the spatial distribution of the wind-shocked plasma, as there is a
mapping between distance from the photosphere and wind speed.
Analysis of the cycle 1 Chandra grating spectra of ζ Pup (taken
in 2000) showed that the x-ray emission begins about half a stellar
? E-mail: dcohen1@swarthmore.edu
radius into the wind flow, as expected for embedded wind shocks
produced by the line-deshadowing instability (Cohen et al. 2010),
and this result holds for other O stars with strong winds observed
by Chandra (Cohen et al. 2014b).
The line profiles are also affected by continuum absorption in
the cold component of the wind, primarily from K-shell photoion-
ization of metals. This attenuation preferentially affects the rear,
red-shifted hemisphere of the wind, leading to characteristically
blue-shifted and asymmetric profiles, with the degree of asymme-
try being governed by the wind column density and hence, mass-
loss rate (MacFarlane et al. 1991; Ignace 2001; Owocki & Cohen
2001). Owocki & Cohen (2001) presented a line profile model with
three free parameters: line flux, x-ray onset radius (Ro), and char-
acteristic wind optical depth (τ∗), which can be fit to individual
resolved x-ray lines. The optical depth parameter, τ∗, is a func-
tion of wavelength via the wavelength dependence of bound-free
continuum opacity in the cool wind, and so every line in a given
spectrum is expected to have an optical depth proportional to the
wind opacity at the wavelength of that line, and the ensemble of
fitted τ∗ values can be used to derive a wind mass-loss rate. This
procedure was used to fit sixteen lines and line complexes in the
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Table 1. Chandra Observing Log
Observation ID Exposure time Date Cycle number
(ks)
640 67.74 2000 Mar 28 1
21661 96.88 2018 Aug 3 19
20157 76.43 2018 Aug 8 19
21659 86.35 2018 Aug 22 19
cycle 1 Chandra spectrum of ζ Pup, and it was found that a single
x-ray onset radius of Ro = 1.5 R∗ is consistent with the fitting
results of all the lines, while the individual line’s fitted τ∗ values
gave a mass-loss rate of 1.76+0.13−0.12× 10−6 M yr−1 (Cohen et al.
2014b).
X-ray emission from embedded wind shocks (EWS) in O stars
is generally not variable on short timescales comparable to wind
flow and shock cooling times (hours), which is taken as an indi-
cation that a very large number of wind shock zones contribute to
the overall x-ray emission (Naze´, Oskinova & Gosset 2013). Wind
properties of O stars, including ζ Pup, often show cyclical short
term variability (Massa et al. 1995), but the global wind properties
– including the mass-loss rate – seem to be quite constant in nor-
mal O stars. However, a long x-ray observing campaign with XMM
showed that the overall x-ray emission levels of ζ Pup are variable
with an amplitude of variability of about 20 percent, but no clear
timescale of variability1, though longer than ∼ 105 s (Naze´, Oski-
nova & Gosset 2013).
During cycle 19 Chandra carried out a long sequence of ob-
servations of ζ Puppis with the High Energy Transmission Grat-
ing Spectrometer (HETGS). In this letter we present preliminary
results from our analysis of the three longest individual new ob-
servation sequences and compare these line-profile fitting results to
those previously obtained from the cycle 1 dataset, taken 18 years
earlier.
In §2 we briefly describe the data we analyze in this letter as
well as the line-profile model we fit to the data. In §3 we present
the results of the line profile fitting. In §4 we discuss the modeling
results, including changes in the x-ray and wind properties between
the two sets of observations, which imply a large change in the
mass-loss rate, and in §5 we summarize our conclusions.
2 THE DATA AND THEIR ANALYSIS
The new, cycle 19, Chandra dataset (PI Waldron) comprises 21 in-
dividual observations (referred to as Obs. IDs.). We downloaded
all the data available at the beginning of calendar year 2019, repro-
cessed the data, examined all the first-order Medium Energy Grat-
ing (MEG) and High Energy Grating (HEG) spectra, and noted that
the count rates of each individual observation are consistent with
each other – there is no indication of variability among the differ-
ent Obs. IDs. The constancy of the x-ray emission has subsequently
been confirmed rigorously (Huenemoerder et al. 2020).
For simplicity and clarity – as having fewer separate obser-
vations is better suited for statistical analysis of line profiles – we
1 Due to the relatively large wavelength calibration uncertainties of the
XMM Reflection Grating Spectrometer (RGS), it is not possible to ascertain
whether the line profiles vary from observation to observation.
choose to analyze just the three longest Obs. IDs. in this letter2.
They were taken within three weeks of each other in 2018 August
and represent a combined 260 ks of Chandra observing time, which
is about 30 per cent of the total exposure time of all the data taken
in the cycle 19 campaign. We present an observing log in Table 1.
We show the three cycle 19 MEG and HEG spectra (coadded posi-
tive and negative first-order spectra) in Fig. 1 along with the cycle 1
spectra and the Chandra MEG and HEG effective area tabulations
for each observation.
We first modeled and fit each of the three cycle 19 datasets
separately, deriving line fluxes, Ro and τ∗ values, for about ten
emission lines in each set – throwing out very weak lines for which
no meaningful model parameter constraints could be derived – and
found consistent results for each line among the three datasets. We
therefore re-fit a single model to each line in all three datasets si-
multaneously, improving the constraints on the fitted model param-
eters.
The cycle 19 spectra look quite similar to each other, but quite
different from the cycle 1 spectra. However, the Chandra effective
area, or sensitivity has severely degraded over the past eighteen
years, primarily at long wavelengths (see the bottom panel of Fig.
1). Therefore to determine if ζ Pup has changed its spectral energy
distribution requires modeling that incorporates the change in the
effective area. This degradation of the long-wavelength effective
area also explains why we are able to analyze only 10 of the 16
lines that appear in the cycle 1 data.
We perform all the model fitting presented in the next sec-
tion using XSPEC v. 12.9 and the calibration files produced by
running the standard CIAO pipeline (v. 4.11), including CALDB
(v. 4.8.5). We use the Owocki & Cohen (2001) line profile model
plus a flat spectral model to account for the bremsstrahlung con-
tinuum beneath the line. We fit the normalization of the continuum
model to a small section of the spectrum on either side of the line,
first, and then fix the continuum level at that value while fitting
just the spectral region that contains each line or line complex. We
use the windprofile custom model3 in XSPEC and for the helium-
like line complexes in the spectra, we use the variant hewind that
implements a superposition of three profile models at the appro-
priate wavelengths and incorporates alteration of the forbidden-to-
intercombination line ratio according to the model’s assumed spa-
tial distribution of the x-ray emitting plasma (governed by Ro). We
find best-fit model parameters by minimizing the C statistic, which
is necessary for these unbinned data that have many bins with few
counts in the line wings (Cash 1979). We then place confidence
limits on each of the three model parameters (flux, Ro, τ∗) using
the ∆C formalism (Nousek & Shue 1989), one at a time, with the
other two parameters free to vary. We use 68 percent confidence
limits (∆C = 1) for the line fitting results presented in this letter.
3 RESULTS
The primary results – fit parameter values and confidence limits for
each of ten emission lines – are listed in Table 2, and three repre-
sentative lines are shown in Fig. 2. In that figure we also show the
2 The cycle 19 observing campaign had not concluded at the time we un-
dertook this project, and we will present a more detailed analysis of the
complete set of observations in a longer paper.
3 Custom model documentation and code for both windprofile and hewind
is available at: https://heasarc.gsfc.nasa.gov/xanadu/
xspec/models/windprof.html.
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Figure 1. The first four rows show the first order coadded ±1 MEG (left) and HEG (right) spectra for each of the four observations of ζ Pup listed in Table
1, with the cycle 1 observation at the top and the three cycle 19 observations below it. The last row shows the effective area of the Chandra MEG (left) and
HEG (right) at the time of each observation, with the cycle 1 effective in black and the three cycle 19 effective areas in blue, green, and red for Obs. IDs.
21661, 20157, and 21659, respectively. The cycle 19 effective areas are nearly identical (and so overlap and at most wavelengths, the three colour curves are
nearly indistinguishable from each other) but they have decreased significantly at long wavelengths over the intervening eighteen years. Although count rates
are generally lower in the cycle 19 data, modeling we present in §3 shows that the x-ray flux of ζ Pup has actually increased between cycle 1 and cycle 19.
Table 2. Emission line parameters
ion lab wavelength τ∗ Ro line flux
(A˚) (R∗) (10−5 ph cm−2 s−1)
S XV 5.039, 5.065, 5.102 0.04+.16−.04 1.55
+.12
−.09 3.72
+.20
−.19
Si XIV 6.182 1.78+.22−.20 1.01
+.14
−.01 1.08
+.08
−.07
Si XIII 6.648, 6.687, 6.740 0.72+.10−.10 1.55
+.03
−.03 15.4
+.20
−.20
Mg XII 8.421 1.01+.22−.19 1.48
+.07
−.07 3.88
+.14
−.14
Mg XI 9.169, 9.230, 9.314 1.05+.15−.14 1.74
+.06
−.05 24.1
+.50
−.50
Ne X 10.239 1.99+.53−.45 1.35
+.17
−.35 3.38
+.25
−.25
Ne IX 11.544 1.50+.60−.45 1.99
+.24
−.21 7.24
+.44
−.43
Ne X 12.134 2.89+.21−.18 1.01
+.22
−.01 26.7
+.90
−.90
Fe XVII 15.014 3.06+.34−.29 1.01
+.28
−.01 61.6
+2.7
−2.6
Fe XVII 16.780 3.45+.94−.84 1.59
+.29
−.59 35.5
+3.2
−3.1
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same three lines as they appear in the cycle 1 dataset. The differ-
ences are modest but they are consistent: a more blue-shifted peak
and a more convex blue wing for each line in the new data com-
pared to the old, cycle 1 data. The characteristic optical depth val-
ues (τ∗) have consistently increased in the eighteen years between
cycle 1 (2000) (values can be found in table 2 of Cohen et al. 2010)
and cycle 19 (2018). We note that the models we fit to these data to
show in the figure all have the x-ray onset radius fixed at Ro = 1.5
R∗, to facilitate the comparison with the cycle 1 data, even though
for the three lines we show the global best-fit onset radii are lower.
The optical depth, τ∗, values depend only a little on the onset radius
value.
We show the results for all lines graphically in Fig. 3 where the
wavelength dependence of the τ∗ values expected from the wind
opacity’s wavelength dependence is apparent, as is an overall in-
crease in τ∗ values from cycle 1 to cycle 19. We derive the mass-
loss rate by fitting the ensemble of τ∗ values from the governing
equation:
M˙ =
4piR∗v∞τ∗(λ)
κ(λ)
(1)
where we take the stellar radius, R∗ = 18.9 R, and the wind
terminal velocity, v∞ = 2250 km s−1, values from Najarro, Han-
son & Puls (2011) and Haser (1995), respectively. We find a value
of M˙ = 2.77 × 10−6 M yr−1, but the fit quality is poor. The
high fit statistic value is dominated by one outlier – the Si XIV
line at 6.182 A˚. When we exclude that line from the fit (bottom
panel in Fig. 3) the quality improves (reduced χ2 = 1.8 which
corresponds to a rejection probability of 60 percent – the fit is
good). The derived mass-loss rate only goes down a small amount
to M˙ = 2.68 ± 0.12 × 10−6 M yr−1, where the quoted 68 per
cent confidence limit is derived from the ∆χ2 = 1 criterion (which
is represented by the grey band in Fig. 3).
This mass-loss rate represents a significant increase – five
sigma – over the value derived from the cycle 1 observations,
M˙ = 1.76± 0.12× 10−6 M yr−1, and with the exclusion of the
one outlier on the high τ∗, high mass-loss rate side, this is a con-
servative interpretation of the mass-loss rate change. The increase
in the wind mass-loss rate is accompanied by a corresponding in-
crease in the emission line fluxes between cycle 1 and cycle 19 (al-
ready reported by Huenemoerder et al. 2020), as shown in Fig. 4.
This line flux increase averages 26 per cent, but shorter wavelength
lines show a consistently larger increase while longer wavelength
lines, where the wind opacity is higher, generally show a smaller
increase. This is exactly what is expected if all line luminosities in-
crease by the same amount but a corresponding increase in the wind
absorption partially compensates for the increase at wavelengths
where the wind is optically thick.
4 DISCUSSION
The x-ray luminosity of dense O star winds with radiative shocks
is expected to scale linearly with the mass-loss rate (Owocki et al.
2013). So if the mass-loss rate of ζ Pup has increased by about fifty
percent, the x-ray flux should as well, and that is indeed consistent
with what is seen at short wavelengths where the wind is optically
thin (see Fig. 4). The distribution of shock strengths in O star winds
is quite consistent from star to star (Cohen et al. 2014a), indicating
that modest changes in mass-loss rate may not alter the spectral en-
ergy distribution of the x-rays produced by the shocks in a given
star. The wind is optically thick to longer wavelength line emission
and so the emergent flux of longer wavelength lines will not in-
crease the full fifty percent. This scenario – a fifty percent increase
in wind mass-loss rate between 2000 and 2018, while the x-ray
production efficiency per unit mass of the wind and the shocked
wind temperature distribution remained the same – is the simplest
interpretation of the observed changes to the x-ray properties of ζ
Pup.
A mass-loss rate change on years timescale would indeed be
quite surprising for a relatively normal O supergiant like ζ Pup,
which is not an LBV or member of any other class of strongly vari-
able evolved massive stars. It is true that ζ Pup shows small am-
plitude optical photometric and emission line variability on rota-
tional (days) timescales that implies photospheric hot spots which
drive wind variability (Ramiaramanantsoa et al. 2018). This ob-
served short timescale periodic variability has a small amplitude
and may affect overall mass-loss rates and wind column densities
and thus x-ray absorption, but not at the fifty per cent level (David-
Uraz et al. 2017).
The standard line-driven wind theory (Castor, Abbott & Klein
1975) has a scaling of mass-loss rate with bolometric luminosity of
roughly M˙ ∝ L1.7bol (see Owocki & Cohen 1999), suggesting that a
brightening of a few tenths of a magnitude may have accompanied
a fifty per cent mass-loss rate increase. This is well beyond what
is seen in the recent high-cadence photometric monitoring (Rami-
aramanantsoa et al. 2018). Perhaps the spot characteristics change
on longer timescales in ways that affect the global mass-loss rate.
However if the global luminosity of the star changes, whether uni-
formly of via evolving spot characteristics, it would imply a not
insignificant internal change to the star. Beating between closely
spaced pulsational modes could cause long-timescale brightness
variations, though there is no evidence for this particular behavior
in ζ Pup.
The prior XMM detection of x-ray variability showed an over-
all decreasing trend with superimposed stochastic-seeming vari-
ability having an amplitude of approximately 20 per cent on days to
months timescale (Naze´, Oskinova & Gosset 2013). Interestingly,
the x-ray output of the star seems more constant overall in the re-
cent Chandra observations than it was about a decade earlier when
the XMM observations were made. The XMM light curve implies
that the changes to the wind properties of ζ Pup in the 18 year
interval between the two Chandra observing campaigns were nei-
ther smooth nor totally abrupt. Broadband spectral trends in the
XMM measurements also indicate that brighter x-ray emission is
correlated with a hardening of the spectrum below 1.2 keV (Naze´
et al. 2018), consistent with the trend we see in the wavelength-
dependent line flux changes in the Chandra observations and with
the expectations of increased wind column density leading to more
soft x-ray attenuation.
In a forthcoming paper we will present a line-profile analysis
of the entire cycle 19 dataset to confirm the results in this letter.
We will see if the outlier of the Si XIV optical depth comes down
or if the mass-loss rate turns out to be somewhat higher than the
value of M˙ = 2.68± 0.12× 10−6 M yr−1 that we present here.
We will put more constraints on the wavelength-dependence of the
emission line strength changes and see if the trends in the short-
est wavelength lines are consistent with the hard-band colour-flux
changes seen in the XMM data. We will also explore any time vari-
ability in the x-ray emission line profiles, and the model parameters
derived from fitting them, in the full cycle 19 dataset.
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Figure 2. Panels in the top row show three relatively strong, unblended emission lines spanning most of the spectral range of the cycle 19 data: the Lyman-α
lines of Si XIV and Ne X and the Fe XVII line at 15.014 A˚, along with best fit models for which we fix the onset radius of wind-shock x-ray emission at
Ro = 1.5, to facilitate comparison to the τ∗ values derived from the cycle 1 data for the same lines, which we show in the bottom row. In each panel, the
fitted continuum is shown and the line emission is shaded grey above the continuum under each line. The thick vertical dashed line in each panel shows the
rest wavelength and the two thinner dotted lines represent the maximum blue and red shift expected for the wind terminal velocity of 2250 km s−1. Note that
we’ve excluded the extreme blue wing of the neon Lyman-α line due to blending with a weak iron line.
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Figure 3. Top: The red line shows the mass-loss rate fit to the ensemble of
τ∗ values (black points with 68 per cent confidence limit error bars). The
grey band represents the 68 confidence range of the mass-loss rate measure-
ment. The partially transparent corresponding data points are from the cycle
1 data, with the lower mass-loss rate fit to those data also shown with par-
tial transparency. Bottom: The same as the top panel except the one cycle 19
outlier τ∗ point for the Si XIV line at 6.182 A˚ is removed and the mass-loss
rate refit (reducing the value from 2.77×10−6 M yr−1 to 2.68×10−6
M yr−1 and rendering the fit statistically good).
Figure 4. The line flux ratios with 68 per cent confidence limits for all
the emission lines measured in both cycle 19 and cycle 1 show an average
increase of 26 per cent from cycle 1 to cycle 19 (red line). This increase has
some wavelength dependence.
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